In this chapter, results of our recent investigations on Al-25%Fe (at.%), Al-30%Fe and Al-34.5%Fe alloys close to Al 3 Fe, Al 5 Fe 2 and Al 2 Fe intermetallic phases have been discussed. The effect of process parameters on structural aspects and mechanical behaviour of Al-Fe intermetallics has been studied. The high melting intermetallics that are difficult to prepare by conventional processing technique are easily synthesized in nanocrystalline state with a homogeneous structure by mechanical means. In this process, we have come out with a single orthorhombic Al 5 Fe 2 nanocrystalline intermetallic phase. Hardness measurements of intermetallic revealed an increase in hardness with a decreasing grain size up to a critical grain size, followed by a decrease. A decrease in hardness with a grain size refinement, an indication of softening behaviour, demonstrating the Inverse Hall-Petch (IHP)-like phenomenon has been observed in intermetallic compounds. The deviation from the regular HallPetch (HP) behaviour has been discussed using various deformation models based on the dislocations and grain boundary-mediated processes. The study is focused on investigations of Al-rich iron aluminide intermetallics to understand the structure property correlations.
Introduction
Intermetallics represent a manifold class of materials that possess intermediate properties between metallic and non-metallic materials. Intermetallic phases and compounds are formed by a combination of two or more metals falling at or near a fixed stoichiometric ratio hardness can be improved by grain size refinement, especially to nanometric scale. Having their strength increased, Al-based intermetallics possess a high specific strength. Table 1 indicates the crystal structure, stability range and hardness for the Al-Fe intermetallic phases. Studies on Al-Fe system have been concentrated mainly on mechanical alloying (MA) with individual elements [11] [12] [13] [14] . Moreover, similar structures have been evidenced for a range of Al content. In Al-Fe intermetallic, Al 2 Fe compound retains the lowest possible symmetry crystal structure, triclinic (Pearson symbol aP19) [15] . Due to its lowest symmetry, the triclinic phase transforms to a high-symmetry Al 5 Fe 2 orthorhombic (Pearson symbol oC24) in the nearby composition. Stability calculations utilizing first principles total energy envisage that oC24 structure has a much lower atomic density than aP19 structure, resulting in a high vibrational entropy and hence aP19 structure loses stability to the oC24 structure at elevated temperatures [16] .
Al-Fe intermetallics by mechanical alloying/mechanical milling
Nanocrystalline intermetallic compounds are said to have enhanced properties as compared to conventional grain-sized materials. MA/mechanical milling (MM) has been considered a suitable processing method capable of attaining this goal of producing nanostructured materials [9] . The synthesis of intermetallics through MA/MM has emerged as a valuable method for the following reasons: (1) the synthesis of intermetallics which are difficult to prepare by conventional methods, (2) to obtain enhanced properties through microstructural modifications and (3) the synthesis of nonequilibrium microstructures, such as amorphous alloys at intermetallic compositions. The formation of amorphous phase in Al-20 at.%Fe alloy was reported by Zhou et al. after 240 h of MA [17] . Almost complete amorphous phase in Al- (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) at.%Fe system was observed by Huang et al. [18] . In a similar study, for Al-34 at.%Fe, Al-25 at.%Fe, Al-25 at.%Fe and Al-20 at.%Fe system, respectively, crystalline phases were evidenced by Enzo et al. and Cardellini et al. [19, 20] . For a composition range of Al-34.7-35.3 at.%Fe intermetallic phase, Al 5 Fe 2 along with Al 2 Fe was observed by Gasior et al. [21] . A comparison of the phases formed in Al-Fe alloys as analysed from the X-ray diffraction (XRD) traces is given in Table 2 . In addition to MA experiments, Romero et al. [22] reported the effect of mechanical milling (MM) on the structural evolution of as-cast Al 2 Fe and Al 5 Fe 2 intermetallic systems at different short milling times. Apart from this study, no other reports on systematic investigation on the structural evolution of as-cast Al-rich iron aluminide intermetallics are available. The possibility of nanostructured and amorphous phases and their stability by MM can Table 1 . Crystal structure, stability range and hardness of intermetallic phases formed in Al-Fe binary systems at room temperature [10] .
be explored from the thermodynamic explanation based on a semi-experimental theory of improved Miedema's model (Zhang model) [23] by calculating the Gibbs free energy of the phases from their enthalpy of formation.
Nanostructured materials
Nanostructured materials are an important class of metastable materials that are produced by ball milling. Materials are considered as nanostructured if the crystallite size is of the order of few nanometres (typically 1-100 nm). A novel way of transforming a material to a metastable state is to reduce its grain size from micrometres to nanometres, when the proportion of atoms at the grain boundaries is equal to or higher than those inside the grains. The fine grain-sized materials are structurally characterized by a large volume fraction of atoms in or near the grain boundaries, which significantly alter the material properties that are often superior or sometimes completely new in comparison with conventional coarse-grained polycrystalline materials. In 1987, Thompson and Politis first reported the formation of a nanostructured material synthesized by MA [24] . A mechanism for the formation of nanostructures by MA/MM has been reported [25] . In 1992, Li et al. proposed a relation between grain size and the time of milling by a model for the refinement of grain size during ball milling [26] .
It is given by
where d is the grain size, t is the time and K is a constant.
The balance between defect/dislocation structure introduced by the plastic deformation of milling and its recovery processes forms the main criteria to decide on the minimum grain size that can be achieved by mechanical milling. This process will result in a lower bound for the grain size of pure metals and alloys and reveals that a small grain size itself provides a limit for further grain refinement on milling. On the whole, when the material exhibits a nanocrystalline Cardellini et al. [20] Al-20 at.%Fe Amorphous Zhou et al. [17] Al-20 at.%Fe Al 5 Fe 2 Cardellini et al. [20] Al-34 at.%Fe α-Al Enzo et al. [19] Al-17-33 at.%Fe Amorphous Huang et al. [18] Al-25 at.%Fe α-Al Enzo et al. [19] Al Table 2 . List of phases formed in Al-Fe alloy.
Intermetallic Compounds -Formation and Applicationsstructure, hence microstructural refinement cannot be observed and further deformation can only be accomplished by grain boundary sliding (GBS). It has been suggested that the minimum grain size that can be achieved by milling is determined by the balance between defect/ dislocation structure introduced by the plastic deformation of milling and its recovery by thermal processes. This contributes to a lower bound for the grain size of pure metals and alloys and reveals that a small grain size itself provides a limit for further grain refinement on milling. Once the whole material exhibits a nanocrystalline structure, further deformation can only be accomplished by grain boundary sliding, and hence microstructural refinement cannot be observed. The limiting grain size is normally determined by the minimum grain size that can sustain a dislocation pile-up within a grain and by the rate of recovery [27] . Earlier researchers have proposed that hardness decreases at small grain sizes as it becomes impossible to accommodate the high density of dislocations required to form a pile-up at a grain boundary [28, 29] .
Effect of process parameters on mechanical properties
Despite the same composition of initial powder mixture, various structures can evolve depending on the parameters of the milling process. In this section, the effect of mechanical milling (MM) on the structural evolution of as-cast Al-rich iron aluminide intermetallics through different stages of milling and its mechanical behaviour has been discussed. The mechanical properties of intermetallics are closely related to their structure and its stability [30] . Grain boundaries are the most important microstructural elements of materials, and their strengthening effect is phenomenologically quantified by a classical HP relationship.
However, deviations from HP relation contributing to a softening behaviour are also observed after a critical grain size (d c ). Due to the difference in the mechanical properties, which is greatly influenced by the microstructure [31, 32] of the intermetallic phases and its transformation during milling, a significant difference in the force displacement curves manifested not only by the shapes of the load-penetration depth but also by the maximum penetration depth attained under the same conditions was observed when evaluated using Oliver and powders. Mechanical milling of the crushed powders was then carried out using high-energy planetary ball mill. This study provides some insights to understand the correlation between the process parameters and the mechanical behaviour of Al-Fe intermetallics. Figure 1 shows X-ray diffraction pattern of crushed as-cast powders of Al-25 at.%Fe alloy. Diffraction peaks confirm mostly single-phase complex monoclinic Al 3 Fe (θ) structure. Figure 2 shows the structural evolution of Al 3 Fe intermetallic subjected to varying hours of MM. A relatively broad peak was observed because of the fine crystallite size and the presence of strain in Transmission electron microscope (TEM) image of Al-25 at.%Fe alloy milled for 50 h is shown in Figure 3 . The micrograph showed the co-existence of nanocrystalline, η-Al 5 Fe 2 and amorphous phases, and a diffuse ring along with diffraction spots was evidenced in a selected area diffraction (SAD) pattern. However, complete amorphization after 50 h of milling was observed in its corresponding XRD pattern. The broadening of the peak observed in XRD corresponds not only to the formation of amorphous structure but also to the refinement of the nanocrystalline structure induced by mechanical milling, and hence residual crystalline phase is present along with amorphous phase. The characteristic X-ray diffraction pattern of as-cast powders of Al-30 at.% Fe alloy is shown in Figure 4 . The most intense diffraction peaks (2 2 1) and (3 1 1) Figure 5 . It is apparent that milling up to 30-h disappearance of all peaks except for major peaks of (2 2 1) and (3 1 1) was observed. The broadening observed in the diffraction peak can be attributed to the major peaks overlapping from the intermetallic phase. The results obtained are in contrary to Al 5 Fe 2 obtained by MA route [11] , where complete formation of intermetallic phase was achieved in Al-25%Fe after 30 h of MA, and the formation of amorphous phase was seen after 50 h of MA. Further in a similar work, Hunag et al. [18] observed the formation of the Al 5 Fe 2 intermetallic in Al-24.4%Fe powder heat-treated at 500°C after MA for 180 h. It is interesting to note that the XRD peaks undergo broadening in the course of mechanical milling up to 50 h mainly due to cumulative effects of grain refinement and lattice strain. A bright field and dark-filed in the width of Bragg peaks and an increase in peak resolution were noted, indicating that Al 2 Fe intermetallic phase becomes unstable as a result of MM. The detected phase transition that occurred during milling process is suggestive of the accumulation of structural defects which increases the stored energy in the intermetallic material.
Microstructural and structural features
As evidenced in Figure 7 , complete amorphization after 40 h of milling was achieved in this particular composition with prolonged milling time. The fine grain size and consequently large surface area induced by MM make the powders of this particular composition pyrophoric in nature after 40 h of milling. The same was observed even when milling experiments
were paused periodically at regular intervals of every 30 min. Phase transformations achieved as a result of MM for Al-34.5 at.%Fe alloy powders are expressed as.
The orthorhombic structure of Al 5 Fe 2 phase features a rigid framework of fully occupied Al and Fe sites as well as partially occupied Al sites confined within channels [37] . This kind of structure makes it unstable when subjected to a severe plastic deformation leading to an amorphous phase. Further, for the present milling conditions, Al 5 Fe 2 phase was also found to be stable with respect to its competing phases. Due to lattice defects introduced by MM which promote spontaneous transformation to the amorphous phase, the intermetallic compounds with narrow homogeneity ranges tend to become amorphous [38] . A high-resolution TEM micrograph corresponding to Al-34.5 at.%Fe alloy milled for 40 h is shown in Figure 8 . The micrograph reveals a single amorphous phase and is corroborated by the fast Fourier transformation-selected area diffraction (FFT-SAD) pattern.
Differential thermal analysis (DTA) trace of 50 h-milled Al-25 at.%Fe intermetallic powders is shown in Figure 9a . Upon heating the as-milled powders at a constant rate of 10°C/min, one exothermic peak at around 1090°C was revealed. An equilibrium diagram of Al-Fe [10] confirms that this peak corresponds to the melting point of the Al 5 Fe 2 intermetallic phase, formed as a result of phase transformation of monoclinic Al 3 Fe after high-energy ball milling. DTA curves of as-cast Al-34.5 at.%Fe alloy and ball-milled powder obtained after 40 h of milling are shown in Figure 9b . As marked by arrows, the thermal curves indicated the presence of two endothermic peaks for the as-cast alloy. According to the equilibrium phase diagram, the first peak at 1090°C corresponds to the melting point of Al 5 Fe 2 intermetallic compound, and the second peak at a higher temperature (1149°C) as marked by an arrow is due to the melting of Al 2 Fe. A single exothermic peak around 1090°C corresponding to Al 5 Fe 2 phase formed as a result of transformation of an Al 2 Fe intermetallic phase to a high-symmetry phase Al 5 Fe 2 after high-energy milling was evidenced from DTA trace of 40 h milled powders. Thermal analysis results agree well with the XRD results as shown in Table 3 gives the data of Al and Fe necessary for the calculation of Gibbs free energy. The variation of ∆ G (for amorphous, two intermetallic compounds and crystalline solid solutions) as a function of composition for different values of d c is shown in Figure 10 . It is observed that the free energy of crystalline phase of a large crystallite size is lower compared to that of amorphous phase. Henceforth, for the entire compositional range, the crystalline phase is expected to be more stable than the amorphous phase. As the Gibbs free energy is minimum at the corresponding composition, the intermetallic thus found is considered as a most stable phase. the phases are intermetallic prior to milling and amorphous after milling at the composition of Al-25 at.% Fe and Al-34.5 at.% Fe. Intermetallic Compounds -Formation and Applicationssensitivity, also have a similar value to that found for conventional grain sizes. This behaviour is ascribed to the refinement in the grain size produced as a result of MM. However, it is worth noting that when the crystallite sizes drop below 42 nm, the slope of the Hall-Petch plot becomes negative. The evidenced effect could be due to a softening behaviour, an attribute described as an inverse H-P phenomenon [28, 29] . Theoretically, the critical value of the grain size below which the plot becomes negative can be calculated from Eq. (4)
Mechanical properties
To examine the discrepancy involved in a dislocation pile-up mechanism related to a softening behaviour, the critical grain size was calculated and found that the theoretical value obtained was about 8 nm in comparison to the experimental value of 42 nm. It can be concluded that the presence of competing/contributing effects of nanocrystalline and amorphous phase could be the reason for the differences observed. Though the critical grain size for nanocrystalline materials where softening occurs can be predicted by a dislocation pile-up model, it fails for composite structure involving nanocrystalline and amorphous phase. Figure 12 shows the microhardness variation with a milling time for Al-30 at.% Fe alloy. It is apparent from the plot that a single Al 5 Fe 2 intermetallic phase subjected to MM resulted in Hall-Petch (HP) break-down and showed two distinct behaviours. The break-down of Hall-Petch for the averaged hardness can be attributed to the deformation mechanism and structure that occur due to mechanical milling.
The HP slope decreases below a critical grain size and becomes negative, indicating an inverse Hall-Petch (IHP) behaviour. The HP strengthening has been ascribed to the pile-up of dislocations and their resistance to slip transfer. However, HP behaviour for grain size ranging from 101 to 32 nm and an IHP behaviour for grain sizes less than 32 nm was observed. The variation of microhardness as a function of milling time for Al-34.5 at.%Fe alloy is shown in Figure 13 . The figure clearly demonstrates that the hardness of the alloy increased with increasing the milling time at the early stage and after prolonged milling reveals softening during the formation of amorphous phase. The hardness values increase with an increase in the milling time, which is an indicative of the formation of amorphous phase along with crystalline intermetallic phase. A softening behaviour observed at higher milling durations can be attributed to the high volume fraction of grain boundaries resulting in an increased triple junction leading to a grain boundary sliding [40] . The transition from hardening to softening behaviours that occurs in an amorphous phase could be ascribed to mechanisms such as a decrease in the interfacial excess volume and free volume model [29] . However, detailed investigation regarding this issue is needed to understand the softening behaviour. The typical load-displacement curves showing elasticplastic material response for intermetallic phases milled for various durations, for indentations made to peak loads of 20 mN at room temperature, are presented in Figure 14a and b. Under the same conditions, the force displacement curves showed significant differences manifested not only by the shapes of the load-penetration depth but also by the maximum penetration depth attained. The microstructure of the intermetallic phases and its transformation during milling causes difference in the mechanical properties [29, 40] as evidenced in curves. The standard procedure according to Oliver and Pharr [33] (Oliver et al. (2004)) was employed to calculate the elastic modulus and hardness values. These parameters, estimated from the curve, are given in Table 4 . The evolution of elastic modulus with a milling time indicates a relative complex effect of the phase formation/transformation in Al-Fe alloys. The interatomic distance and the bonding strength between atoms, which is a representation of elastic modulus, are greatly influenced by the severe plastic deformation induced by mechanical milling. The increased hardness and elastic modulus resulted at the early stages of milling are due to the refinement in grain size which resists grain boundary motion. The maximum elastic modulus of 168 and 157 GPa and the peak hardness of about 9.3 and 8.8 GPa at 20 h were observed for Al-25 at.%Fe and Al-34.5 at.%Fe alloys, respectively. After a longer milling time where amorphous phase formation was evidenced, the hardness and elastic modulus values decreased to a factor of about two. The differences in the average values of 0.6 GPa between microhardness and nanohardness observed were ascribed to indentation size effect (ISE) [41] .
Effect of grain size on mechanical properties
Mechanical property is an important consideration for the application of materials and depends fundamentally upon their microstructure on a variety of length scales and the nature of bonding among their constituent atoms. Mechanical deformation can be either elastic or plastic. Elastic deformation is effected through reversible changes in the interatomic spacing or the bending and stretching of bonds between atoms; it is governed by the elastic constants or moduli of a material. For metals, such deformation is in general relatively easy owing to the Table 4 . Hardness and elastic modulus of alloy powders of as-cast and for various durations of milling measured by nanoindentation (reprinted with kind permission from reference [34] , copyright 2015, Elsevier). non-local nature of metallic bonding, but for materials with a strong covalent or ionic bonding such as intermetallic compounds, it is difficult. Mechanical properties of nanocrystalline materials display an increasing interest. Reducing the grain sizes not only creates a big impact on the microstructures of the nanocrystalline materials but also alters their mechanical properties significantly. The most important mechanical properties of nanocrystalline metals and alloys include significantly increased hardness, strength and ductility, and so on with respect to the decreasing grain sizes [42] . The mechanical properties of NC materials not only depend on the average grain size but also depend on the grain size distribution and the microstructure, such as the grain boundary structures have a critical effect on their mechanical properties.
Inverse Hall-Petch effect in nanocrystalline materials
As suggested by the well-known Hall-Petch relationship, the mechanical properties of the material increase with the inverse square root of the grain size. However, as the grain size decreases to the submicrometre range, the k value (material-dependent constant) often referred to as the HP slope tends to decrease and when the grain size is decreased to less than 100 nm; the k value often becomes negative. The relationship between the strength of the nanostructured material and the grain size is very complicated. Since dislocation activity is almost absent in these materials, below a critical grain size, the HP relation becomes invalid.
Deviations from the Hall-Petch relation were first reported by Chokshi et al. [43] on nanocrystalline copper and palladium, and this softening behaviour for nanocrystalline materials is the so-called inverse Hall-Petch effect, that is, hardness and strength decrease with a decrease in the grain size. At the nanoscale grain size where the dislocation activity is believed to be absent [44] , below a critical grain size, k, the HP slope becomes negative, implying that the materials get softened. The break-down in the Hall-Petch trend has been attributed to different deformation mechanisms that become dominant once the grain size is reduced down to below a critical value [45] . The major interest involving the studies of strength has been to see if the HP relation holds at the smallest grain sizes. In this section, we present the results of recently observed IHP in the intermetallic Al 5 Fe 2 , and various deformation models in the present context of grain size softening will be discussed.
Deformation mechanisms
The expansion of the understanding of deformation of conventional polycrystalline materials to materials with grain sizes on the scale of nanometre is, at present, an evolving process. The experimental finding on inverse Hall-Petch has prompted various researches to propose models pertaining to their mechanism of deformation. Of the proposed models, different deformation mechanisms for nanocrystalline Al 5 Fe 2 intermetallic are discussed subsequently.
Dislocation pile-up model
It is pertinent to point out that dislocation activities [46] have been shown to exist in some nanocrystalline materials. Nevertheless, the dislocation activity can be considered virtually absent in nanostructured materials where the grain size is lower than the minimum required distance to be maintained between the two dislocations. Therefore, the HP relation is expected to witness a transition below a critical grain size, d c . TEM and molecular dynamics (MD) simulation have also demonstrated that the grain boundaries can act as a source and a sink for dislocations. In nanomaterials, Hall-Petch behaviour breaks down because the grain is too small for dislocations to pile-up. In a polycrystalline sample, each individual grain will no longer be able to support more than one dislocation [48] . Using the concept proposed by Nieh and Wadsworth, Farghalli and co-workers [47, 48] developed a relationship between the critical grain size and hardness for the critical grain size below which softening occurs. Assuming that the stress field of a dislocation is valid at the nanoscale, and on the suggestion that fine grain sizes affect dislocation self-energy, a mathematical analysis was proposed and it leads to Eq. (5):
where b is the Burgers vector, H the measured hardness, H 0 the hardness equivalent of the applied stress at the moment of load application, G the shear modulus and β is a constant ranging equals 0.6 [47] . By using the material parameters for Al 5 
, and it was found to be 3.58 nm. The calculated critical grain size (32 nm) was nearly eight times more than the values predicted based on dislocation pile-up models. Therefore, it is clear that dislocation-mediated process is not operative in these nanocrystalline intermetallics.
Grain boundary shearing/sliding model
It is clearly evident that the models based on dislocation pile-up could not account for grain size softening. For such fine grains, the deformation based on dislocation mechanisms becomes less dominant, and the mode of deformation based on grain boundary phase (via grain boundary shearing) comes into picture [51] . This would lead to a decrease in hardness and strength, since strain hardening due to dislocation will be absent and the grain boundary will be softer [52] . The deformation in nanocrystalline materials below a critical grain size has been analysed as a thermally activated process, determining the parameters such as activation energy (∆F) and activation volume (∆V). Conrad and Narayan [29] considered the thermally activated deformation and proposed a rate-controlling equation, which is given as
The parameters in Eq. (6) ; ΔF the Helmholtz free energy; k the Boltzmann constant; and T is the temperature on absolute scale. For analysis, the shear rate γ ̇ is taken to be 10 
The model was validated for IHP regime of the current experimental data, and the experimentally observed and calculated hardness values of this system are shown in Figure 15 .
The degree of fit, as described by coefficient of correlation, for all the three expressions H v versus ln(L), H v versus L (these two describe the rigorous and approximate forms of the relationship in the model by Conrad and Narayan [29] ) and
, is very similar, and the findings are presented in Table 5 . On this basis, both the models are acceptable. The preceding discussion shows that although the model proposed by Conard and Narayan explains the IHP effect, the parameters used for validation is quite unreasonable: (1) the effective stress is taken to be equal to the applied stress, that is, the strain-rate sensitivity index, m = 1.0. However, in nanocrystalline materials at room temperature, the value of m is in the range of 0.02-0.08 [54, 55] and (2) further, the strain rate was assumed as 10 −3 s −1 , but according to [56, 57] , the strain rate lies in the range of 5 × 10 −2 to 5 × 10 −4 s −1 . Thus, the experimental data were analysed using both the strain rate values and the free energy of activation, ∆ F 0 , for the rate-controlling process (mesoscopic GBS), and refined values of γ 0 were determined as a function of strain rate and the results are presented in Table 6 . The following observations are interesting: the relative change in hardness as one goes from the HP to the IHP region is much less in intermetallics than in nanocrystalline materials. This aspect needs further study. However, it is clear that the observed IHP effect in intermetallics also could be explained in terms of the mesoscopic grain boundary sliding controlled flow process, as with the other classes of materials. Finally, as the value of N for the system (Table 6 ) is less than one, it follows from the model [58] [59] [60] that the plane interface formation in these intermetallics of the studied grain size ranges is the result of dislocations/ partial dislocations being emitted from the deforming boundary, which then traverse the grain and get absorbed at the opposite boundary [58, 59] . Figure 16 . In addition, ∆F values obtained by linear fit of both experimental hardness values against ln d and d resulted in a reasonable agreement. The activation energy for grain boundary diffusion of this type of intermetallics [29] was found to be slightly higher compared to the present activation energy obtained from this analysis. The results are somewhat in accordance with the previous work on nano-quasicrystalline materials, which proposed a similar approach for the observed softening related to inverse Hall-Petch behaviour [51] . Using this model, the predicted and the current experimental data were plotted, and it was shown that qualitatively the fit is acceptable (Figure 15) . The detailed examination showed that the correlation coefficient calculated based on grain boundary sliding using H v versus d 0.5 plot and grain boundary shearing calculated based on H v versus d and H v versus ln (d) resulted in identical values, proposing that both the models can describe the so-called inverse Hall-Petch effect. Despite the abovementioned similarity, manifest difference exists in the activation energy for the rate-controlling process due to their atomistic approach in the rate-controlling process. In case of grain boundary shearing approach, the effective stress is considered as the applied stress, that is, the strain-rate sensitivity index, m, equals 1.0. Nevertheless, in nanocrystalline materials, "m" ranges between 0.02 and 0.08 at room temperature. In general, it was pointed out that some of the approximations made in atomistic grain boundary shearing model to explain are questionable [34] . 
Conclusion
In this section, the recent progress in the synthesis of Al-Fe intermetallics and their softening behaviour using various deformation mechanisms is discussed. [56] , refined γ 0 values were obtained for the mean values of ∆ F 0 for this range. Table 6 . The average shear strain in the basic unit of sliding, the number of grain boundaries that align to form a plane interface during mesoscopic boundary sliding and the free energy of activation for the rate-controlling GBS process (reprinted with kind permission from reference [53] , copyright 2015, Elsevier). grain size of 42 nm, and Hall-Petch behaviour was thus established over the range of grain sizes from 132 to 42 nm. At the smallest grain size (33 nm), the slope of HP plot becomes negative indicating IHP behaviour.
In addition, Al 5 Fe 2 resulted from Al-30%Fe alloy resulting in the formation of nanocrystalline intermetallic and was found to be quite stable under the present experimental conditions, and the crystallite size of it decreases up to 10 nm with an increase in the milling time. Microhardness measurements of single Al 5 Fe 2 nanocrystalline intermetallic phase produced by mechanical milling resulted in Hall-Petch (HP) break-down and showed two distinct behaviours. The break-down of HP for the averaged microhardness measurements was found to be due to the transition of deformation mechanism from dislocation activity to grain boundary sliding. Dislocation models could not intend the critical grain size at which the HP relation breaks down, and so models based on grain boundaries were considered. Detailed analysis showed that models based on grain boundaries namely grain boundary sliding and thermally activated grain boundary shearing seem to be reasonable in explaining the IHP effect. Grain boundary sliding is ascribed to be a viable deformation mechanism resulting in a softening behaviour observed in this system.
